Since Marmur and Doty showed the relationship between the base composition and the melting temperature of DNA by analyzing thermal behaviors of various DNA solutions (1962), many studies have been reported on a force(s) and/or a factor(s) responsible for the stability of DNA structure and the denaturation-renaturation mechanism of the DNA molecule. Mainly used in these studies were spectroscopic techniques and scanning calorimetry. The spectroscopic technique is generally superior in sensitivity, but it is not suitable for measurements of samples in high salt concentrations and at high temperatures. In contrast, scanning calorimetry is a useful technique to study the structure, stability, and conformational changes of biological macromolecules and the interaction between biopolymers. The principal advantage of this technique is that it can display in a single run the complete thermal features of a complex system, such as ribosomal particles or intact bacterial cells, without requiring separation into each constituent fraction.
Since Marmur and Doty showed the relationship between the base composition and the melting temperature of DNA by analyzing thermal behaviors of various DNA solutions (1962) , many studies have been reported on a force(s) and/or a factor(s) responsible for the stability of DNA structure and the denaturation-renaturation mechanism of the DNA molecule. Mainly used in these studies were spectroscopic techniques and scanning calorimetry. The spectroscopic technique is generally superior in sensitivity, but it is not suitable for measurements of samples in high salt concentrations and at high temperatures. In contrast, scanning calorimetry is a useful technique to study the structure, stability, and conformational changes of biological macromolecules and the interaction between biopolymers. The principal advantage of this technique is that it can display in a single run the complete thermal features of a complex system, such as ribosomal particles or intact bacterial cells, without requiring separation into each constituent fraction.
We previously described thermal transition profiles of bacteriophage T4 both in permissive and in nonpermissive E. coli cells (Kawai et al., 1979) . In the study, it was shown that the well-assembled phage T4 particles carried out their thermal transition at 87°C in vivo, giving rise to a single endothermic peak on their thermogram (Fig. 1c) . On the contrary, constituent protein parts and nonpackaged concatenated DNA showed a broad endothermic peak at 85°C with an additional peak at 89°C (Fig. 1b) . It was suggested that a difference in vivo exists between the melting modes of DNA molecules packaged into the head shell and nonpackaged DNA molecules. During successive calorimetric measurements on bacteriophage T4 infected E. coli cells, no substantial difference was found in thermograms of the second heat scan between packaged DNA and nonpackaged DNA: only a single endothermic peak at 85°C was observed (data not shown). Therefore the observed endothermic peak at 87°C obtained with assembled phage T4 particles in host bacteria may reflect, at least partially, the interaction between the packaged DNA and the protein head shell, which is irreversibly destroyed by heat. In this paper, we describe some results of calorimetric studies on bacteriophage T4 particles and its DNA melting-rewinding profiles.
E. coli B40S and B b were used as permissive and nonpermissive strains, respectively, for amber mutant 49 (am NG727) of phage T4. E. coli B b was used also as a host strain for wild-type T4. The growth of bacteria and phage was done at 37°C with aeration. The growth medium contained 0.4% glucose, 1 mM MgSO 4 , M9 salts, and 1% casamino acids. Phage DNA was prepared from T4
. Harvested phages were suspended in 10 mM Tris-20 mM EDTA (pH 7.5). After 1 min incubation at 65°C in a centrifuge tube, the suspension was mixed with 1/10 volume of SDS solution (10%) and incubated at 65°C for 20 min to solubilize phage proteins. The solubilized proteins were precipitated by adding KCl solution to a final concentration of 0.5 M and cooling them for 20 min on ice; they were removed by low centrifugation. The phage DNA solution was further purified with phenol extraction. Ethanol was added to the solution to collect purified phage DNA from the boundary between the aqueous and ethanol phase. The sample specimen thus obtained had nearly no protein contamination because the observed values of OD 230 /OD 260 and OD 280 /OD 260 were 0.48 and 0.58, respectively. Calorimetric measurements were made by using a Thermal transition profiles of bacteriophage T4 and its DNA Yoshio Kawai* heat leakage scanning calorimeter SSC-544 (Seiko Instruments Inc., Tokyo). Each DNA sample solution or phage suspension of about 70 ml was sealed tightly in a silver vessel and scanned at a constant rate of 0.6 K min Ϫ1 throughout the experiment. In calculating the calorimetric enthalpy, DH cal , we assumed the number of base pairs and the molecular weight of T4 DNA to be 1.68ϫ10 5 bp and 1.1ϫ10 8 Da, respectively. DNA concentration was determined by using one A 260 unit/ml as 50 mg of DNA.
In this study, we examined the thermal transition profiles of intact phage T4 particles in vitro by using heat leakage scanning calorimetry. Figure 1a shows a typical thermogram of prepared intact phage T4 particles in T4 buffer solution containing 1 mM Mg 2ϩ and M9 salts. Packaged DNA inside the head shell structure suspended in T4 buffer solution (Fig. 1a) shows the same peak melting temperature as that of nonpackaged DNA concatemer in nonpermissive E. coli cells (Fig. 1b) . This is because the heat absorbed at 89°C is mainly due to the destruction of the head shell structure (Kawai et al., 1979) . The 85°C peak temperature obtained for packaged T4 DNA melting in T4 buffer solution (Fig. 1a) was very close to the reported T m value of 84°C with DNA of the same origin in SSC buffer solution (Marmur and Doty, 1962) . The thermal profiles of T4 phage particles in vitro (Fig. 1a) and in their host cells (Fig. 1c) are different. The difference derives from the interaction between packaged DNA in the head shell structure and a component protein(s) of the head shell. We have no evidence about what factor(s) causes the highly cooperative thermal transition profiles of packaged DNA and the head shell in vivo (Fig. 1c) , but it is possible for us to assume that in vitro the head shell becomes thermally more stable than DNA to protect the genetic material (Fig. 1a) .
The melting profile of DNA is known to be affected by conditions of the solution such as its ionic strength, pH value, existence of polyamine, and so on. We examined the thermal melting profile of phage T4 DNA by varying the salt concentration at a fixed pH value of 7 throughout the experiment. Figure 2 shows the thermograms obtained for phage T4 DNA. Apparently with increasing salt concentration of the buffer solution, the DNA melting temperature becomes higher and the temperature width becomes narrower, synonymous with enhanced cooperativity. The abrupt occurrence of melting observed at a high salt concentration is considered to reflect a formal analogy of helical and crystalline order.
Some intensive studies on DNA melting (Maeda et al., 1985; Uedaira et al., 1994) revealed that thermograms obtained by tracing thermal transitions of small DNA molecules such as bacterial plasmid DNA re- About 70 ml of phage T4 DNA sample solution was scanned at a heating rate of 0.6 K min Ϫ1 by using a heat leakage scanning calorimeter. The buffer solutions were 0.5ϫSSC (a), 1ϫSSC (b), 2ϫSSC (c), 3ϫSSC (d), and 5ϫSSC (e). Each sample concentration was about 0.18%. sulted in multipeaked patterns. Each endothermic peak was elucidated to reflect the melting of a specific region on the DNA, such as the coding frame or the A-T rich region near or within the ori region. Spectroscopic studies revealed that a large DNA molecule of phage l showed a fine structure in its thermal transition process, reflecting a series of distinct steps in local melting (Akiyama et al., 1977) . In contrast, no fine structure was observed in our calorimetric experiments on the thermal transition of phage T4 DNA. One reason for the discrepancy is a difference in the sensitivity between the spectroscopic technique and scanning calorimetry. Another judicious explanation is that in a comparison with phage l, too many specific regions or genes exist in the T4 genome, and each local melting, distinct but continuously occurring, cannot be well separated in the transition temperature width of about 10 degrees and the adopted heating rate of 0.6 K min
Ϫ1
. For numerical treatment of thermographic data, we made the following simple assumptions: (1) The equilibrium constant, K, for the helix-coil transition of DNA can be written as Kϭfr/fc, where fc is a fraction of bases in helical double-stranded regions and fr is a fraction of dispaired bases in melted random regions.
(2) The heat required to destroy one base pair in the helical region is constant. As a result the equilibrium constant K can be given by KϭQ t /(Q 0 ϪQ t ), where Q 0 is a total heat absorption observed throughout the melting process and Q t is the amount of heat absorbed from the start of a melting reaction to a given time t in the process. We then obtain an equation, Table 1 . The calorimetric enthalpy, DH cal , which can be directly calculated, is also summarized in Table 1 . Each DH vH and DH cal value increases with increasing salt concentration of the medium, which is consistent with the general agreement that the double-helical DNA structure is stabilized in a solution of high salt concentration. No equality was found between DH vH and DH cal under the experimental conditions. The ratio nϭDH vH /DH cal , where DH cal is the enthalpy per mole of base pairs, can be taken as a measure of the number of base pairs in the average "cooperative unit" for the process (Sturtevant, 1987) , though the thermal melting process for the entire molecule of highly polymerized T4 DNA is far from the two-state process. The results in this paper indicate that phage T4 DNA has an average cooperative unit nearly equivalent to two helical turns of B form DNA under the conditions of 0.5ϫSSC through 5ϫSSC buffer solution. Note that the number of base pairs of a region corresponding to a sharp endothermic peak in an observed fine structure of DNA melting does not mean a cooperative unit. Normally, one given endothermic peak of a fine structure is deconvoluted into two or several transitions and is not due to a two-state transition. Figure 3 shows the thermograms of the T4 DNA rewinding process after the first heat scan. It must be mentioned that T4 DNA is endowed with a high degree of reversibility in its thermal transition profile and that the T4 DNA thermal transition is, as a whole, an equilibrium system. It is generally agreed that the formation of the double helical structure comprises two steps: the first is the formation of nucleus, and the second is the cooperative "zipper closure" (Saenger, The average cooperative unit was estimated as the ratio nϭDH vH /DH cal in various salt concentrations. The buffers used were SSC buffer and its concentrated or diluted derivatives. DNA samples were scanned at a cooling rate of 0.6 K min Ϫ1 after the first heat scan (shown in Fig. 2 ). The buffer solutions containing DNA sample were 0.5ϫSSC (a), 1ϫSSC (b), 2ϫSSC (c), 3ϫSSC (d), and 5ϫSSC (e).
1984). Unfortunately, the first step was not detected by the experiment presented here because no obvious endothermic (unfavorable positive free-energy contribution) peak was found in thermograms shown in Fig. 3 . The results indicate that the enthalpy of nucleation is nearly zero and the nucleation process of DNA rewinding is more a contribution of entropy rather enthalpy. By contrast, the feature of the second step is clearly demonstrated; exothermic curves present at reaching the lower temperature range reflect energetically favorable, spontaneous helix propagation. Heat evolution starts at a temperature close to the melting temperature seen in the first heat scan, and each exothermic peak temperature is 2-3 degrees lower than the melting temperature obtained by using the same buffer condition. As a whole, the rewinding process of DNA in aqueous solution is, like the melting process itself, more cooperative in high salt conditions than in low. Conceivably, molecules that differ from the native form and/or associated complexes of many molecules are generated as by-products in the renaturation process of large DNA molecules, such as phage T4 DNA. It is not necessary, however, to take those products into account in the above argument.
The thermogram of phage T4 particles in T4 buffer solution (Fig. 1a) is shown again as Fig. 4a , with a thermogram of the cooling process after the first heat scan (Fig. 4b) and a thermogram of the second heat scan (Fig. 4c) . Phage T4 particles gave no substantial change in their thermal patterns when suspended in either T4 buffer solution or SSC buffer solution. We did not attempt to estimate to what degree the protein head shell was decomposed through the first heat scan and therefore to what degree the packaged DNA had burst out from the head shell. Both Fig. 4 b and c , however, may be considered to represent the intramolecular reaction of a double helical DNA molecule if compared with Figs. 2 and 3. We are more interested in the double helix formation process than in the melting process. The double helix formation of packaged T4 DNA in the head shell structure does occur at a lower temperature than nonpackaged DNA in aqueous salt solution does, even though their melting temperatures are nearly equal to each other. Studies indicate no free water molecules in the interior of double helical DNA structure (Gushlbauer, 1976) . If so, the renaturation process of DNA inside the head must involve not only base stacking and hydrogen bonding between two highly condensed complimentary DNA strands, but also exclusion of free water molecules. More intensive studies on packaged DNA in the future might elucidate details of the folding of y DNA and its interaction with water molecules. 
